Gangliosides play key roles in cell differentiation, cellcell interactions, and transmembrane signaling. Sialidases hydrolyze sialic acids to produce asialo compounds, which is the first step of degradation processes of glycoproteins and gangliosides. Sialidase involvement has been implicated in some lysosomal storage disorders such as sialidosis and galactosialidosis. Neu2 is a recently identified human cytosolic sialidase. Here we report the first high resolution x-ray structures of mammalian sialidase, human Neu2, in its apo form and in complex with an inhibitor, 2-deoxy-2,3-dehydro-Nacetylneuraminic acid (DANA). The structure shows the canonical six-blade ␤-propeller observed in viral and bacterial sialidases with its active site in a shallow crevice. In the complex structure, the inhibitor lies in the catalytic crevice surrounded by ten amino acids. In particular, the arginine triad, conserved among sialidases, aids in the proper positioning of the carboxylate group of DANA within the active site region. The tyrosine residue, Tyr 334 , conserved among mammalian and bacterial sialidases as well as in viral neuraminidases, facilitates the enzymatic reaction by stabilizing a putative carbonium ion in the transition state. The loops containing Glu 111 and the catalytic aspartate Asp 46 are disordered in the apo form but upon binding of DANA become ordered to adopt two short ␣-helices to cover the inhibitor, illustrating the dynamic nature of substrate recognition. The N-acetyl and glycerol moieties of DANA are recognized by Neu2 residues not shared by bacterial sialidases and viral neuraminidases, which can be regarded as a key structural difference for potential drug design against bacteria, influenza, and other viruses.
Sialidases, or neuraminidases (EC 3.2.1.18), are glycohydrolytic enzymes widely distributed among species (1) . The removal of sialic acids on the non-reducing termini of complex carbohydrates by sialidases is the first step of degradation of glycolipids or glycoproteins. Furthermore, sialidases are considered to be involved in various biological events such as infection processes, antigenic expression, differentiation, signal transduction, or intercellular interactions (2) . Mammalian sialidases are classified into three categories based on their cellular localizations: cytosolic, lysosomal, and plasma membrane-bound (3), with exceptions in the nucleus (4) and in the extracellular medium (5) (6) (7) . Recently, the human cytosolic sialidase Neu2 has been cloned (8) . The protein is expressed at a low level in skeletal muscle, liver, and brain cells. Rodent Neu2 enzymes are involved in the differentiation from myoblasts to myotubes of rat L6 (9) and mouse C2C12 (10) cells. Unfortunately, the precise nature of their natural substrate(s) in the process of myotube formation and maintenance remains unclear. Transfection of NEU2 cDNA to highly invasive and metastatic murine B16 melanoma cells led to suppression of pulmonary metastasis (11) . A major change detectable in Neu2 transfected cells was a decrease in ganglioside GM3, 1 concordant with an increase in lactosylceramide content. Several lines of evidence have indicated the association of glycosphingolipids with the cytoskeleton (11, 12) . In particular, the GM3 ganglioside has been suggested to interact with microtubules and intermediate filaments (13) . Thus, Neu2 might act on GM3 leading to the alteration of the cytoskeleton functions, consistent with the decreased invasiveness of transfected melanoma cells (11) . Similar results were obtained using highly metastatic sublines of mouse colon adenocarcinoma 26 in which endogenous Neu2 sialidase levels are inversely correlated with the metastatic capacities (14) . Neu2 overexpression led to a marked inhibition of lung metastasis, invasion, and cell motility, as well as a decrease of sialyl Lewis X and, again, of GM3 cellular contents. Thus, desialylation of these target molecules including GM3 by cytosolic sialidase is somehow related to suppression of metastasis. The atomic structure of the human cytoplasmic sialidase may not only give further insights into the molecular mechanisms of its substrate recognition but also will provide important clues to understanding the catalytic mechanism of mammalian sialidases.
Here we report the first crystal structures of a mammalian sialidase, human Neu2, in its free form and in complex with an inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA, Fig. 1c) . The core of Neu2 folds as a six-bladed ␤-propeller, typical of viral and bacterial sialidases. Interaction between Neu2 and DANA shows similarities with bacterial and viral counterparts but also exhibits some differences in the active site arrangement and dynamic nature of the loops containing residues responsible for catalysis and substrate recognition.
EXPERIMENTAL PROCEDURES
Expression and Purification-The coding region of Neu2 was subcloned into pGEX-2T vector (Amersham Biosciences) and the recombinant protein produced by Escherichia coli cells was purified in three steps, affinity and anion and cation exchange chromatography as described previously (15) . Approximately 2.4 mg of Neu2 at a concentration of 1.8 mg⅐ml Ϫ1 was obtained from 1 liter of culture. Crystallization and Soaking of the Crystals-The purified protein was concentrated to 10 mg⅐ml Ϫ1 in 400 mM sodium chloride and 50 mM MES buffer, pH 6.7. Crystals were grown in hanging drops at 289 K. For the apo form Neu2, the reservoir solution contained 100 mM sodium/ potassium phosphate buffer, pH 6.2, 2.5 M NaCl, and the hanging drops contained 1:1 mixtures of the protein solution and the precipitants. Crystals grew in 1-2 days to a size of ϳ500 ϫ 200 ϫ 50 m 3 . The crystals were mounted in nylon loops (Hampton research) and flashfrozen at 100 K in a cryoprotectant solution containing 20% glycerol in addition to the precipitant solution. Crystals belong to the space group R3, with unit cell dimensions a ϭ b ϭ 145.6 Å, c ϭ 64.6 Å, ␣ ϭ ␤ ϭ 90°, ␥ ϭ 120°, and contain one protein per asymmetric unit.
"Sugar-induced form" crystals were prepared by soaking apo form crystals in the reservoir solution additionally containing 50 M of one of the following, monosaccharides, galactose, glucose, or maltose, for 4 h. These crystals were handled in the same way as in the apo form crystals. Cell dimensions of the crystals soaked with sugar are equivalent to those of the apo form crystals. Soaking apo form crystals in solutions containing inhibitors, N-acetylneuraminic acid (NANA, Fig.  1b) or DANA, either dissolved the crystals after a few days or did not give clear electron density of the bound ligands. Co-crystallization trials of Neu2 with either of the inhibitors using the same crystallization condition as the apo form gave rise to cracked crystals and the resulting crystal structure did not show any density of the inhibitors.
Further screening for other crystallization conditions proved to be successful with DANA; crystals of the Neu2-DANA complex were obtained with a reservoir solution containing 100 mM HEPES buffer, pH 7.0, 65% 2-methyl-2,4-pentanediol, and 100 mM guanidine hydrochloride. Hanging drops were prepared at 289 K as a 1:1 mixture of the protein solution and the precipitant. The molar ratio of Neu2 to DANA in the protein solution was 1:50. The crystals grew in 20 days to an approximate size of 100 ϫ 50 ϫ 50 m 3 . They were frozen in liquid nitrogen without additional cryoprotectant. The crystals of Neu2-DANA contain two complex molecules per asymmetric unit and belong to the space group C2 with the unit cell dimensions of a ϭ 157.6 Å, b ϭ
Data Collection and Structure Determination-X-ray diffraction data were collected at the resolutions of 1.75, 1.49, and 2.85 Å at the Photon Factory AR-NW12 and BL6A beam lines for the apo, maltose-induced (referred as sugar-induced hereafter), and the DANA complex, respectively. The data were reduced and scaled using program HKL2000 (16) and CCP4 programs (17) . The apo form structure of Neu2 was solved by the molecular replacement method using CNS (18) 
, where I j (h) is the jth measurement of reflection indices h, and ͗I(h)͘ is the mean intensity. (21) and refinement with the CNS programs suite. Crystallographic statistics are summarized in Table I . After the model building, the protein structure was compared with those of other sialidases using programs of the CCP4 suite. Figures were drawn by a combination of the programs MOL-SCRIPT (22) , Grasp (23), PyMOL (24) , and LIGPLOT (25) . Atomic coordinates and structure factors have been deposited in the Protein Data Bank under accession numbers 1SNT (apo form), 1SO7 (sugar-induced form), and 1VCU (Neu2-DANA complex).
RESULTS
Structure Determination and Refinement-The final structures include residues 3-41, 50 -106, 119 -283, and 288 -377 for the apo form Neu2, residues 4 -42, 50 -284, and 289 -377 for the sugar-induced form, and residues 1-225, 229 -283, and 288 -377 for the Neu2-DANA complex form, respectively. Final R factor values for the Neu2 apo form, the sugar-induced form, and the Neu2-DANA complex are 20.13, 20.17, and 19.50%, respectively, with no residues in the disallowed regions.
Neu2 Apo Form Structure-The Neu2 apo form adopts a typical six-bladed ␤-propeller fold with 26 ␤-strands and five ␣-helices (Fig. 2) . The overall structure of the ␤-propeller is similar to those of bacterial sialidases and viral neuraminidases (26) despite low sequence identities between them. Each of the six antiparallel ␤-sheet blades is composed of four ␤-strands with the exceptions of strand D/blade I and strand A/blade III, which are broken into two (Fig. 2b) . The N and C termini have extra residues outside of the ␤-propeller and are close to each other. Some ␣-helices are found in the loops between two consecutive ␤-strands (Fig. 2a ␣3, ␣4, and ␣5) or at the C terminus (Fig. 2a, ␣6 and ␣7 ). In addition, three Asp boxes typical of sialidases (27) are located in the second, third, and fourth blades of the propeller (Figs. 2b and 3 ).
An acidic crevice at the center of the ␤-propeller forms an activating core for the enzymatic catalysis and the basic residues at the mouth of the crevice coordinate substrates (28) (Fig.  3) . On the opposite side of the ␤-propeller, an acidic deep cleft extends very close to the back of the catalytic site (Fig. 3) . This cleft is also found in sialidases from other organisms such as trypanosome (29) important for the substrate binding and the other Asp 46 for the catalysis. Soaking the apo form crystals with monosaccharide such as galactose, glucose, or maltose orders the former loop into ␣2 (Fig. 4b) . Unfortunately, there is no electron density for the monosaccharide despite various attempts of co-crystallization and soaking. For example, soaking experiments in higher concentrations (100 and 150 mM) of monosaccharides dissolved the crystals after several hours.
Neu2-DANA Complex Structure-The two complexes in the asymmetric unit of Neu2-DANA crystals show only minor structural differences. Thus, only one of them, chain A and C in the Protein Data Bank deposition 1VCU, will be discussed in detail here. Its overall structure is mostly similar to that of the apo form Neu2 (r.m.s.d. of 1.1 Å over 347 C␣ atoms). Even at the resolution of 2.85 Å, the electron density of DANA was clear in the active site (Fig. 5c) . DANA lies in a half-chair conformation interacting with 10 amino acids of the active site (Figs. 2b  and 5 ). The binding is assured by a network of electrostatic and hydrogen bonding interactions with additional hydrophobic interactions (Fig. 5d) . Upon binding of DANA, the two loops, which were disordered in the apo form, become ordered to form two helices ␣1 and ␣2 and cover the inhibitor in the active site (Fig. 4) . In particular, Asp 46 of ␣1 helix and Glu 111 of the ␣2-helix come close to coordinate the inhibitor (Fig. 2b) . DISCUSSION To date, 13 mammalian sialidases have been cloned, including four from human (3) . In this study we have shown that Neu2 also folds as a six-bladed ␤-propeller and adopts the same active site architecture indicating a similar hydrolysis mechanism. In addition, a structure-based sequence alignment of Neu2 with the other human sialidases suggests that they also fold as six blade ␤-propellers with the conserved residues forming the active site. 2 On the other hand, new drugs have been designed to target virus sialidases, in particular the influenza virus neuraminidases, based on the x-ray structures (31) . Thus a detailed structural analysis of Neu2 might shed light on the catalytic mechanism of the human sialidases and give additional clues for designing a new generation of neuraminidase inhibitors based on the difference between human sialidases and bacterial and viral neuraminidases.
Crystal Contacts in Apo and Sugar-induced Forms and Inhibitor-Complex Structures-
The loop connecting ␤-strands B and C of blade III (Fig. 2b) plays an important role in the crystal contacts and the active site accessibility. In the apo and sugar-induced forms (space group R3), this loop plugs directly into the active site of the neighboring molecule and prevents inhibitors from entering. This explains the failure of soaking experiments of the apo form crystals in inhibitor containing solutions. On the other hand, in the Neu2-DANA complex structure (space group C2), the loop participates in the crystal packing by interacting with the same loop of the next molecule. In this case, the loop is unable to enter the active site of the next molecule because the inhibitor and the loops (helices ␣1 and ␣2) involved in the inhibitor coordination already occupy the active site.
Structural Changes upon Complex Formation-A comparison between the complex and sugar-induced structures shows a (Fig. 4) . Other residues of the catalytic pocket stay in the same positions as in the apo form, with an average r.m.s.d. of 0.9 Å for all the main chain and side chain atoms in the active site. Previous studies on viral neuraminidases proposed a catalytic mechanism where the sialic acid is first recognized by the arginine triad and then hydrolyzed by an acidic residue (28) . Combining these results, we suggest a two-step binding mechanism. Once a substrate enters the catalytic crevice, 8 out of the 10 residues (excluding Asp 46 and Glu 111 ) coordinate the sialic acid by electrostatic and hydrophobic interactions (Fig. 5b) , conserved in sequence as well as in space among sialidases, coordinate the carboxylic oxygen atoms of DANA by seven hydrogen bonds. The cluster of the three arginines is known as the arginine triad, which encircles the carboxylate group. Tyr 334 presents its hydroxyl group in close proximity to the C2 carbon atom, a direct target of catalysis, at a distance of 3.2 Å. When superimposed with active site residues of the bacterial model, 1EUS, the arginine triads and tyrosines show high structural similarities (Fig. 5e) . The fact that Neu2, the first human sialidase whose structure has been characterized, also adopts the same active site architecture reinforces the notion of a common ancestor of sialidases despite the low sequence homologies to the bacterial and viral counterparts.
But the parallel between Neu2, bacterial sialidases, and viral neuraminidases ends here. On the opposite side of DANA, three residues Glu 111 , Tyr 179 , and Tyr 181 help positioning of the inhibitor by interacting with the O-7 and O-9 oxygens (Fig. 5) . Based on the crystallographic structure of influenza virus neuraminidase, new potential inhibitors of the enzyme have been developed and extensively studied (31, 32) . The residues described above are not shared by bacterial sialidases and viral neuraminidases and therefore can be exploited as a key difference for drug design against bacteria, influenza, and other viruses. Moreover, some sialidases have a glutamine residue, as opposed to glutamic acid, at the position corresponding to Glu 111 to coordinate DANA by electrostatic interactions, which seems to alter the substrate specificity. For instance, a cytosolic sialidase from Chinese hamster ovary cells (67.4% sequence identity with Neu2) has corresponding glutamic acid and glutamine residues swapped at this position, hence the glutamine interacts with substrates and is able to hydrolyze N-acetylneuraminic acid as well as N-glycolylneuraminic acid (33) . Interestingly, the glutamic acid (Glu 111 ) of Neu2 is located at the beginning of helix ␣2, which becomes ordered upon inhibitor binding (see above), and is directly followed by four glutamines (Gln 112 , Gln 113 , Gln 114 , and Gln 116 ). Taken together, these results imply a possible adaptability of the protein for substrates of different sizes by interchanging glutamic acid and glutamine residues and rearranging the helix as the glycerol hydroxyls of the inhibitor are necessary for its recognition. Further structural and mutagenesis studies are now under way to confirm this adaptability and to exploit the difference in this part of the active site for designing better inhibitors against viral and bacterial counterparts with no affinities against human sialidases.
Asp Boxes-Asp boxes are a ␤-hairpin structure, architecturally similar to the hairpin of chitobiase, and are found in several O-glycosyl hydrolases, such as sulfate oxydase, microbial ribonuclease, and sialidases (27, 34) . In the Neu2 structure, two Asp boxes STDHGRTW (residues 129 -136) and SHDHGRTW (residues 199 -206) are easily identified (where boldface letters indicate residues structurally important for Asp boxes). A least square minimization between the two Asp boxes resulted in an r.m.s.d. of only 0.3 Å over 32 atoms. A third Asp box STNDGLDF (residues 247-254), which we previously predicted as a less conserved Asp box (Fig. 2 of Ref. 35) , was confirmed (Asp box 3, Figs. 2b and 3) with an r.m.s.d. of 0.4 Å compared with the two other boxes. A water molecule stabilizes the hairpin structure at the center of three conserved residues, serine, aspartate, and tryptophan, in each of the three Asp boxes of Neu2 apo form. In the structure of Neu2-DANA complex, the water molecule is not visible, presumably due to the low resolution of the data (2.85 Å); nevertheless, the overall topology of the Asp boxes remains the same as that of the apo form. In Neu2, the Asp boxes are positioned on the opposite side of the catalytic crevice (Fig. 3) . In addition, no special hydrophobic surface or extended contact surface is visible between the Asp boxes.
The residues of the known Asp boxes show a high sequence homology, with five of them strictly conserved at defined positions: SXDXGXTW. The two Asp boxes STDHGRTW (residues 129 -136) and SHDHGRTW (residues 199 -206) of Neu2, separated by 62 amino acids, follow the same sequence similarity: S(T/H)DHGRTW. Screening of proteins containing the previously known consensus sequence was established (34) 
